ABSTRACT -Field experiments involving upland rice genotypes, sown in various dates in late season, were carried out to assess the relationship of carbon isotope discrimination with grain yield and drought resistance. In each one of the three years, one trial was kept under good water availability, while other suffered water shortage for a period of 18-23 days, encompassing panicle emergence and flowering. Drought stress reduced carbon isotope discrimination measured on soluble sugars (Ds) extracted from stem uppermost internode at the end of the imposition period, but had relatively less effect on bulk dry matter of leaves, sampled at the same period, or that of uppermost internodes and grains, sampled at harvest. The drought-induced reduction in Ds was accompanied of reduced spikelet fertility and grain yield. In the three trials subjected to drought, genotypes with the highest yield and spikelet fertility had the lowest Ds. However, this relationship was weak and it was concluded that Ds is not a sufficiently reliable indicator of rice drought resistance to be useful as a screening test in breeding programs. On the other hand, grain yield and spikelet fertility of genotypes which were the soonest to reach 50% flowering within the drought imposition period, were the least adversely affected by drought. Then, timing of drought in relation to panicle emergence and to flowering appeared to be a more important cause of yield variation among genotypes than variation in Ds.
INTRODUCTION
Rice is very sensitive to drought during the late stages of floral development, especially during panicle emergence and flowering (Hsiao, 1982) . Yield losses resulting from water stress in this period can be severe and are associated with a decrease in spikelet fertility (Pinheiro et al., 1985) . Possible reasons for this adverse effect of drought include: inhibition of the elongation of the uppermost internode resulting in panicle retention inside the flag leaf sheath (OToole & Namuco, 1983) ; inhibition of anthesis and spikelet desiccation (Hsiao, 1982; OToole et al., 1984; Ekanayake et al., 1989) ; and pollination abnormality (Ekanayake et al., 1990) .
The drought-sensitivity of rice during flowering may arise because, in contrast to leaves, rice panicles have no adaptive mechanisms to modulate their water loss. Their position in the canopy generally precludes shading by the leaves. While they possess few stomata, the diffusive conductance (mainly cuticular) of panicles is very high just after they have emerged (Batchelor & Roberts, 1983; OToole et al., 1984) .
Carbon isotope discrimination (D) of current assimilate has been shown to be negatively related to water-use efficiency (Farquhar & Richards, 1984; Farquhar et al., 1989) and D has been suggested as a selection index in breeding for high yield under water limiting conditions. Dingkuhn et al. (1991) showed that under mild water stress leaf D was negatively correlated with leaf level water-use efficiency. However, many studies comparing different genotypes of crop species have shown that yield is often positively correlated with D (measured on grain or other late-formed tissue), both in the absence and in the presence of water stress (Condon et al., 1987; Craufurd et al., 1991; Ehdaie et al., 1991; Hall et al., 1994; Sayre et al., 1995; Ngugi et al., 1996) . Nevertheless, under water limiting conditions negative correlations between D and yield have also been reported (Hall et al., 1994; Brugnoli & Farquhar, 2000) . One probable reason for the positive correlation in the absence of stress is that variation in D is associated with genotypic variation in stomatal conductance, and that high conductance, in turn, is associated with high rates of photosynthesis and, consequently, high yield. Also, in several studies where positive correlations have been found, the trials experienced terminal drought, so that late flowering genotypes which were more severely affected, had a lower yield and D of grain or other late-formed dry matter.
It is known from studies on wheat and barley (Austin et al., 1977 (Austin et al., , 1980 ) that a proportion of the carbon assimilated during the stage of inflorescence emergence accumulates in the uppermost internode (spike peduncle) as soluble carbohydrates. It has been reported by Brugnoli et al. (1998) , that the D of soluble carbohydrates extracted from this tissue after an episode of drought during flowering and early grain filling is associated with the assimilationweighted value of the ratio of intercellular and atmospheric partial pressures of CO 2 (pi/pa), for this particular growth stage. Therefore, it would reflect the severity of the stress more sensitively than the D of the bulk dry matter of any plant part, sampled at the same time. Indeed, Scartazza et al. (1998) , have shown the strongest correlation of these stem sugars with net assimilation rate and water use efficiency in rice. The relevance of this parameter to yield determination under drought conditions is of great interest, considering its possible application as a breeding tool.
The present study had the objective of assessing the relationship of carbon isotope discrimination of soluble carbohydrates from the uppermost internode with grain yield of upland rice genotypes, submitted to drought during panicle emergence and flowering.
MATERIAL AND METHODS
Six field trials were conducted during the period 1991-1994 at the research farm of Embrapa-Centro Nacional de Pesquisa de Arroz e Feijão, located at Santo Antonio de Goiás, in the state of Goiás, Brazil. This location is at latitude 16 o 28' S, longitude 49 o 17' W and at an altitude of 824 m above mean sea level. The climate is Aw, typical of tropical Savannah regions according to the Köppen classification. It possesses two well defined seasons, a rainy season, which lasts from October to April, and a dry season, from May to September.
The soil on which all trials were conducted is a DarkRed Latosol (Typic Haplustox), originally acidic and poor in fertility, but corrected by past intensive cropping with common bean, soybean and maize, in addition to rice.
Rice in the region is normally sown from November to December. The trials, in number of two per year, were purposely sown later in the season, starting in January, to benefit from good water availability during vegetative development but to increase the probability of drought during reproductive development. The aim was to make this stage to coincide with the onset of the dry season, in order to have a trial stressed during the critical stage of panicle emergence/flowering and a trial irrigated during this same period, to serve as a control.
All trials were of a randomized block design, with three replicates. Each plot consisted of 12 rows, spaced 0.50 m apart in 1991 and 1992, and 0.40 m apart in 1994. Plots were 5.5 m long in all three years. In 1991, each entry was sown on four dates, spaced one week apart. In 1992 and 1994, there were three sowing dates. The seeds were hand sown, at a rate of 80 viable seeds per m of row. In each year two identical trials were sown.
There were six common entries to the trials (IAC 47, IAC 165, Rio Paranaíba, Guarani, Rio Verde and Caiapó, all belonging to the japonica group), plus a variable number of advanced breeding lines, ranging from 11 to 18 each year, including japonica and japonica x indica derivatives.
The sowing date was scheduled according to the growth cycle of each cultivar: early genotypes were sown two to three weeks after the late ones, to enable genotypes to be matched for date of flowering. This procedure also enabled different matched flowering dates to be obtained, thus increasing the probability of having dry weather during at least one flowering date, given the significant year to year variation in the time of onset of the dry season.
All six trials received basic fertilization and top dressing, and were kept adequately supplied of water throughout vegetative and early reproductive stages. In this period, whenever the amount of rains fell bellow potential evaporation for a four-day period, control and stressed trials were sprinkler irrigated. After the period of stress imposition, during the targeted growth stage, irrigation was resumed in the stressed trial, and maintained till grain maturation.
The 1991 trials differed in their experimental protocol due to unexpected factors. The control trial showed symptoms of iron deficiency during reproductive development and no samples were taken from it. To assess the effect of water stress, the first group of genotypes to flower in the stressed trial, which received rains at this stage of growth, were taken as non-stressed controls to compare with later sowings of the same genotypes, whose average flowering date was 15 days later and which experienced drought during this same stage. In 1992 and 1994, only the sowing dates of the control trials, corresponding to those in the stressed trials were considered.
It has to be noted that, in any one year and trial, observations and measurements were confined to one sowing of each genotype. The choice criteria were that a) the target growth stage of panicle emergence/flowering occurred when the visual symptoms of water stress (leaf rolling) were already apparent, and b) the best possible matching of flowering dates for all genotypes in the trial be attained.
The mean temperature and vapor pressure deficit at 15h local time in the three years field trials during the stress imposition period were 28.6°C and 19.1 mb, respectively.
Observations and measurements were taken with small differences according to trial.
For all trials, the date when 50% of the shoots in a plot had emerged panicles was recorded. From these records, the number of days from sowing to flowering, and from stress imposition to flowering (dsif) were calculated.
In the 1991 and 1992 trials, leaf water potential was measured on the last day of stress imposition, for all genotypes. In 1994, it was measured on five different days during the stress cycle, on eight genotypes. The measurements were always made during the period of maximum evaporative demand, from 12h to 14h, using a portable pressure chamber. Six leaves per plot were excised at the collar, wrapped in aluminum foil, put into plastic envelopes and transported to the measurement site in a box containing ice. Leaves were inserted in the chamber specimen holder and pressurized till sap droplets were visible at the cut surface. This balancing pressure, taken as a negative value, was taken as a measure of water potential before leaf excision.
At the last day of the stress imposition period, 15-20 tillers, bearing fully exserted panicles of the same developmental stage, were sampled in each plot, including the control, to be extracted for ethanol soluble substances. The samples were taken to the laboratory in ice buckets. The stem uppermost internodes were chopped into small pieces and a sub-sample of 5 g of fresh tissue put into 50 mL of 90% ethanol (giving a final ethanol concentration of approximately 85%). A week after taking the samples, an aliquot of 10 mL from the ethanol supernatant was transferred to a long Pyrex glass tube and evaporated in a water bath until the sample had reduced to approximately 2.5 mL. Drying of the samples was completed in a ventilation oven at 90°C. The tubes were then sealed. Based on experience with wheat and barley (Austin et al., 1977 (Austin et al., , 1980 ) the ethanol extracts were likely to have comprised mainly glucose, fructose and sucrose. For this reason, this extracted material was referred to as soluble sugars.
Also at the end of the stress imposition period, a 10 g sample of flag leaf bulk tissue (1992 and 1994 trials) was taken from the studied plots of the trials. Additionally, at harvest, 10 g samples of uppermost internode (1991 and 1994) and grain (all three years) bulk tissue were taken. All these samples were dried and milled.
The carbon isotope composition in the samples was determined by mass spectrometry of the carbon dioxide produced by combustion of small sub-samples from each sample. Those analyses were carried out at the Laboratory of the Godwin, University of Cambridge, UK. The results were expressed in relation to the international standard, Pee Dee Belemnite. Following Farquhar & Richards (1984) , carbon isotope discrimination was expressed as deviation in parts per thousand relative to air CO 2 isotopic composition (D of air, taken as -7.85 0 / 00 ). Values of D are positive and expressed as 0 / 00 (parts per thousand). The D values of the uppermost internode sugars, and that of the bulk tissue of leaves, mature uppermost internodes and grains are referred to as Ds, Dl, Dp and Dg, respectively.
Yield (g m -2 ), 100 grain mass (g) and spikelet fertility (%) were determined at harvest. The yields were based on hand harvested plot areas of 2.5 m 2 in 1991 and 4 m 2 in 1992 and 1994, taken from the central area of each plot. Prior to harvesting, 20 panicles were collected at random from the same area, and threshed manually. The spikelets were separated into "filled grains", comprising all the caryopses which had been fertilized and had developed into grain, and "empty grains", with lemmas and paleas but no caryopses. Both fractions were counted, and spikelet fertility expressed as a percentage was calculated dividing the number of filled grains by the number of spikelets per panicle. The weight of the filled grains fraction was added to the plot grain weight fraction. The 100 grain mass (g) was estimated from six sub-samples of 100 grains each, taken from the filled grain fraction.
Primary statistical analysis was performed by analysis of variance of each trial (control and stressed) separately, considering the trials to be laid out as randomized blocks.
Correlations and regressions were calculated for each trial separately on genotype means for each variate.
RESULTS AND DISCUSSION
In 1991, the sowings which were the first to flower had good water availability to complete their growth and development and to give good yield. These sowings were taken to constitute the control trial. In contrast, the sowings which were last to flower experienced water shortage during the period of panicle emergence and early grain filling. These sowings were kept without irrigation for 18 days. The dates of 50% flowering of the first and last genotype to flower, and the mean date of flowering of all genotypes are given in Table 1 . Soil water was depleted slowly and before it was replenished through sprinkler irrigation at the end of the stress period, the plants had attained water potentials varying between -1.1 and -1.8 MPa, with a mean value of -1.4 MPa.
In 1992, the control and the stressed plots were of the same sowing date and differed only slightly in date of flowering (Table 1) . After 23 days without rain, plots were visibly stressed and leaf water potentials, in the last day of stress imposition, ranged from -1.2 to -2.2 MPa, with an average of -1.8 MPa.
In the 1994 trials, the matched sowing of the genotypes flowered over a ten-day period, starting seven days after stress imposition in the stressed trial, and the mean date of flowering was attained in the thirteenth day of a stress imposition period of 22 days (Table 1) . Due to residual rains (13,3 mm) and cloudy weather, mean leaf water potential in the stressed plots reached a mean value of -1.31 MPa on the last day of stress imposition, considerably higher (less stressed) than in the previous years. Due to late sowing, the yield of all experiments was below the potential, which is around 4.5 tons/ha, for traditional upland rice plant type (Pinheiro & Guimarães, 1990) . Nevertheless, both in the 1991 and 1994 trials, control yield fell within the average yield in the region, of 1.4 ton/ha, while it was greater than that in 1992 (Table 2) .
Except for1994, mean yields, as expected, were greater in the irrigated control than in the stressed trials (Table 2 ). Stress intensity was most severe in the 1992 trial, resulting in a 42% of yield loss, whereas the yield loss in 1991 was of only 20%. In 1994, yields from the irrigated trial were low, reflecting the poor growth of the plants on this trial site. This trial was sown on soil which had been cropped with rice in the previous season; such sequential cropping was later verified to induce a process of autotoxicity (Silveira et al., 1998) which is likely to have been the main reason for the poor yield from this irrigated trial.
Plant growth in the stressed trial, by contrast, was normal, and yields were considered to have been depressed by the drought treatment, and not by other unquantified features.
The average reduction in yield over the three years was 22%. It should be remembered that each year the control and stressed trials were on different, though adjacent land, so in any one year the estimate of the effect of drought on yield was confounded with trial site.
In each year, drought reduced spikelet fertility, the average reduction over the three years being 20% (spikelet fertility in irrigated trials 71.6%, in stressed trials 57.5%). Thus the percentage reduction in yield was virtually the same as the percentage reduction in spikelet fertility. Drought also reduced Ds but generally had less effect on the D of the bulk plant tissues (Table 2) , as previously reported . 1 Numbers inside brackets are phenotypic standard deviation; Ds: carbon isotope discrimination of sugars extracted from the uppermost internode at the end of the stress period; Dl: carbon isotope discrimination of flag leaves at the end of the stress period; Dp: carbon isotope discrimination of uppermost internodes; Dg: carbon isotope discrimination of grains; both at harvest; dsif: days from stress imposition to 50% panicle emergence. ns , * , ** and *** Non-significant and significant at 5%, 1% and 0,1%, respectively, by the F test. Table 2 gives the means and phenotypic standard deviations (psd) of the main variates. The psd of a variate is the square root of the variance of the genotype mean squares. In the context of the present work, it is more meaningful than the coefficient of variation which is psd/mean expressed as a percentage. Table 3 shows that the average correlation coefficient between grain yield and spikelet fertility was +0.715 in the stressed trials but +0.403 in the irrigated ones. Table 3 also shows that, among genotypes, yield was negatively correlated with Ds at the end of the drought period. This association was also evident, though weaker, in the irrigated trials. Yield was also, but generally more weakly, negatively associated with Dg.
Even though sowing was phased in the attempt to synchronize date of flowering of the genotypes, there was some variation. The genotypes which were the earliest to flower in relation to the drought imposition period, tended to be of high yielding. Thus the association between grain yield and Ds was likely to have been distorted by the association between yield and the number of days from stress imposition to flowering (dsif). To allow this, a multiple regression of Ds and dsif on yield was computed for each trial.
The results (Table 4) showed that the negative association between yield and Ds was maintained, though it was only significant in the stressed trial in 1991. Table 4 also shows that for the stressed trials, the coefficient for dsif and yield was itself significant, indicating the importance of the time of stress imposition in relation to flowering: those genotypes which reached flowering the soonest after stress imposition suffered the least reduction in yield. Statistical analysis was also carried out to test whether genotypes which had a long growth cycle (a long period between sowing and flowering) and which may have been expected to be larger at the time of stress imposition, and hence to lose water more rapidly, were more affected by the stress imposed. The results showed no relationship of the size of the growth cycle and any other variable measured. Hence, in these trials, date of sowing and duration of life cycle were not factors which affected the interpretation of the relationship between yield, Ds and dsif.
Analysis of variance of all the data for the six genotypes common to all trials (Table 5) showed that there were significant differences among genotypes for all variates, and that, except for Ds, genotypes TABLE 3. Simple correlation coefficients between the given characters, for the control and stressed trials, in three years of field experiments 1 .
1 Ds: carbon isotope discrimination of sugars extracted from the uppermost internode at the end of the stress period; Dl: carbon isotope discrimination of flag leaves at the end of the stress period; Dp: carbon isotope discrimination of uppermost internodes; Dg: carbon isotope discrimination of grains; both at harvest; dsif: days from stress imposition to 50% panicle emergence; sf: spikelet fertility; r: value of correlation coefficien at 5% probability.
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varied in their response to drought, as judged by the significance of the genotype x irrigation treatment interaction term.
In all experiments, drought reduced Ds, the D of sugars extracted from the stem uppermost internode at the end of the drought period. As noted earlier, these sugars can represent part of the carbon assimilated during the drought period. The D of these sugars reflects the assimilation-weighted value of the ratio of intercellular and atmospheric partial pressures of CO 2 (pi/pa) when the contributing carbon was assimilated during the drought period (Brugnoli et al., 1988 .
The coefficients of the number of days from stress imposition to flowering (dsif) term in the multiple regressions (Table 4) were negative (except for one, non-significant exception). This result implies that genotypes which flowered soonest after stress imposition gave greater yields for a given Ds than later flowering ones. All genotypes in a given trial would have experienced the same duration of drought, but the early flowering ones would likely have been less stressed during the critical early phase of panicle emergence than later flowering ones, because plant water stress would have become progressively more severe with increasing time from the start of the drought period. If this interpretation is correct, it suggests that there is a window during the period of panicle emergence when spikelet fertility is the most sensitive to water stress, before and after which its sensitivity is considerably less. This finding is consistent with the reports of Batchelor & Roberts (1983) and OToole et al. (1984) that the diffusive conductance of panicles to water loss is very high 
during early panicle emergence. Pinheiro (1989) found that spikelets were most drought-sensitive when 3 -9 cm of the panicle had emerged from the flag leaf sheath. Panicles within the flag leaf sheath or those which had emerged earlier had a greater spikelet fertility. It is possible that this effect of drought was mediated by plant water status per se (including possible hormonal effects), or through effects on the availability of carbohydrates, either mobilized from storage or derived from current photosynthesis. In either case, genotypes which flowered early in the period of stress would have been likely to escape the worst effects of drought. Indeed, for the stressed trials, the importance of the spikelet fertility term in the multiple regressions (Table 4 ) was greater than that of the Ds term. It is not possible from the present results to determine whether or not there was variation among genotypes which were at exactly the same stage of panicle emergence at the time of stress imposition in their panicle water loss and consequent sensitivity to drought. To make such an assessment, near-isogenic lines would need to be compared. As expected, drought reduced Dp and Dg, presumably because some growth in structural dry matter of the uppermost internode was occurring during the drought period, and soluble sugars accumulated during panicle emergence made some contribution to grain carbon. In contrast, drought had little effect on Dl, probably because the leaves were fully grown when sampled.
Possible explanations of the negative correlation between Ds and yield include increased water use efficiency, which may be beneficial for fertility and grain yield. Low Ds implies a low ratio of intercellular and atmospheric CO 2 (pi/pa) and probably low stomatal conductance during the period when sugars are accumulating in uppermost internodes. Alternatively, it could imply a high carboxylation capacity, but this is a most unlikely effect of drought. Low pi/pa implies a high leaf level water use efficiency reflected in low D of the carbon formed from current photosynthesis, including that of uppermost internode sugars.
CONCLUSIONS
1. Carbon isotope discrimination of soluble sugars extracted from the stem uppermost internode (Ds) is not a sufficiently reliable indicator of drought resistance among rice genotypes to be useful as a screening test in breeding programs.
2. The timing of drought occurrence in relation to panicle emergence and flowering appeared to be a more important cause of yield variation among genotypes than variation in Ds.
